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Gene regulation by patterned electrical activity during neural and

skeletal muscle development

Andres Buonanno* and R Douglas Fields’

Patterned neural activity modifies central synapses during
development and the physiological properties of skeletal
muscle by selectively repressing or stimulating transcription of
distinct genes. The effects of neural activity are mostly
mediated by calcium. Of particular interest are the cellular
mechanisms that may be used to sense and convert changes
in calcium into specific alterations in gene expression. Recent
studies have addressed the importance of spatial
heterogeneity or of temporal changes in calcium levels for the
regulation of gene expression.
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Abbreviations

CaM calmodulin

CBP CREB-binding protein

CRE cAMP response element

CREB CRE-binding protein

DRG dorsal root ganglion

LTP long-term potentiation

MAPK mitogen-activated protein kinase

NCAM neural cell adhesion molecule

NF-AT nuclear factor of activated T cells

NMDA N-methyl-D-aspartate

PDZ domain an amino acid repeat found in PSD-95, Dig
and Z0-1 proteins

SRE serum response element

Introduction

The functional properties of neurons and skeletal muscle
are plastic during development and in the adult, and they
are modulated by afferent innervation. The ability of the
nervous system to be remodeled with experience [1-3],
and of skeletal muscles to adapt to different environmen-
tal demands [4,5], results, at least in part, from the
regulation of gene expression in response to patterned
electrical activity. For this reason, it is important to under-
stand how distinct patterns of stimuli are coupled to
specific changes in gene expression. Electrical activity reg-
ulates different transcription factors, which, in turn,
regulate the expression of neurotransmitter receptors, ion
channels, neurotrophic factors, cell adhesion molecules,
cytoskeletal proteins, contractile proteins, and metabolic
enzymes [6-11]. However, the number of these genes that
have been shown to be sensitive to patterned activity,
which is the emphasis of this review, is thus far limited.

Immediate early genes (IEGs) have been the focus of
numerous studies in the nervous system regarding the cou-
pling of electrical activity to transcription [12], but little is
known of how the regulation of these factors results in
changes in the expression of the structural proteins that
modify neural and muscle function. In order to understand
how activity contributes to the formation and phenotypic
differentiation of the nervous system, it will be important to
know how patterns of depolarization are sensed, decoded,
and transduced into changes in the levels of transcription
factors and other regulatory proteins that control the
expression of genes encoding structural proteins. It 1s gen-
erally accepted that calcium is a major signaling molecule
that transduces the activity into changes in cellular proper-
ties. But how are the different frequencies of depolarization
and the calcium currents elicited by them decoded and
then translated into distinct signals? Are different routes of
calcium entry into the cell linked to distinct signaling path-
ways that respond differentially to patterned activity? Does
the temporal and quantitative accumulation of calcium in
different subcellular compartments activate distinct trans-
duction pathways? Finally, how is transcriptional specificity
achieved in response to depolarization patterns?

This review focuses on how expression levels of a gene
or distinct members of gene families are regulated dif-
ferentially by patterned activity. Although substantial
progress has been made towards understanding signaling
mechanisms that respond to patterned stimuli, we hope
that it will be apparent from the review thar chis field,
which is of central importance to understanding brain
function, remains in its infancy.

Regulation of muscle and neuronal properties
by patterned activity

Patterned activity differentially regulates skeletal
muscle genes

Adult skeletal muscle is plastic. In response to changing
extrinsic demands, muscle has the capacity to adapt by
modifying its contractile and metabolic properties in
response to different patterns of motoneuron activity
[4,5,10,13]. Skeletal muscle historically has served as an
excellent model to study activity-dependent plasticity and
the modulation of gene expression in response to neural
activity, because peripheral nerves are accessible for exper-
imental manipulation and the resulting changes in muscle
physiology can be easily quantified (e.g. force generation,
twitch time). The importance of motoneuron innervation
was first described by Eccles and colleagues [14], by
demonstrating that fast-twitch muscles adopt slow-twitch
properties when they are re-innervated ectopically by a
nerve that normally innervates a slow muscle, and vice-
versa. Activity, and not myotrophic factors released by the
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nerve, were shown to be instructive to muscle because
electrical stimulation of motor nerves [15] or denervated
muscles [16] with patterns of stimuli that mimic natural
motoneuron activity are sufficient to modify its contractile
properties to the same extent as cross-innervation [17].

"T'he transition of muscle properties evoked by patterned
stimulation results from changes in the expression of
numerous genes encoding specific fast and slow protein iso-
forms that determine the contractile and metabolic
properties of muscles [4,10,13]. For example, depolarization
of fast-twitch muscles with tonic, slow frequency (10 Hz)
stimulation induces a sequential change in the synthesis of
myosin heavy chain isoforms [18-20,21°], as well as changes
in the calcium handling mechanisms of the cell. The latter
include changes in the sarcoplasmic reticulum calcium-
ATPase [22,23], dihydropyradine and ryanodine-sensitive
calcium channels [23], and the calcium-sequestering pro-
teins phospholamban [22,24] and parvalbumin [25].

It is important to emphasize, however, the role of cell lin-
eage. Prior to motoneuron innervation, muscles can exhibit
differences in the contractile proteins expressed [26], and
neither cross-innervation [27] nor chronic stimulation of the
denervated muscle fully change all the contractile proper-
ties of the fiber. Denervated fast-twitch extensor digitorum
longus muscle and slow-twitch soleus muscle depolarized
with the same activity patterns still manifest slight differ-
ences in their contractile properties [17]. Thus, the signaling
pathways responding to patterned activity function in a cel-
lular context that may be determined by the cell’s
developmental history or lineage. Evidence for slow and fast
myoblast lineages that develop in the absence of motoneu-
ron activity 1s rapidly accumulating ([26,28-30,31°]; see also
the review by Hughes and Salinas [pp 54-64], in this issue,
for a discussion of how these intrinsic differences may arise),
suggesting that during muscle development the signaling
mechanisms elicited by neural impulses interact or over-ride
these inherited genetic programs.

T'he restricted expression of contractile proteins in spe-
cific muscle types and their regulation in response to
neural activity is mostly controlled at the level of rran-
scription [10]. Despite the fact chat a large repertoire of
muscle-specific genes regulated by patterned activity has
been identified, little is known of the signaling pathways
and transcription factors that couple the temporal
changes in stimuli to specific changes in transcription.
Direct proof of a role for calcium has not been formally
established. These type of studies have been hindered
because the full extent of muscle-type diversification
does not occur iz vitro and thus requires analysis iz vivo.

One approach for mapping the pathways that lead from
activity to fiber-type-specific transcription has been to use
transgenic mice and somatic gene transfer (by the intra-
muscular injection of DNA constructs into adult muscles)
to map DNA regulatory sequences conferring fiber-type

specificity. The fiber-type-specific expression of the tro-
ponin I slow and fast isogenes, which requires motoneuron
inncrvation and is differentially regulated by slow
(10 Hz/10 s) and fast (100 Hz/1 s) bursts of activity {7,32],
is conferred by enhancers of 128 and 148 base pairs,
respectively [33]. Interestingly, both enhancers have con-
served DNA motifs that bind to the transcription factors
MyoD, MEF-2 and Sp1/CACQC and that are required for
transcription; these regulatory elements are also found in
other muscle-specific genes. However, mutational analysis
and the generation of chimeric enhancers — where the
conserved motifs from the slow and fast enhancers have
been swapped and tested in transgenic mice — demon-
strate that although these sites are required for the
enhancers to be active, they fail to restrict transcription to
either slow or fast muscle fibers [7,34*]. Novel sequences
that reside adjacent to the conserved motifs are necessary
to direct transcriptional specificity of the troponin I genes
(S Calvo, P Venepally, ] Cheng, A Buonanno, unpublished
data). Sequences required for the activity-dependent tran-
scription of two slow mvyosin light chain genes were
mapped by somatic gene transfer [35°,36*]. Both light-
chain promoters share three of the elements found in the
troponin I genes, but a sequence responsible for conferring
the ability to respond to specific patterns of activity has not
yet been found. The identification of these sites will be
invaluable for determining how ¢lements in the transcrip-
tion regulatory complex interact to respond to patterned
activity in a tissue-specific fashion.

Frequency-dependent regulation of gene expression

in neurons

Neural impulse activity can regulate a number of functional
processes in the central and peripheral nervous systems,
including neuronal phenotype [37-39], neurite outgrowth
[40-42], axon fasciculation [43-45], synaptogenesis and
remodeling [46], and activity-dependent changes in synaptic
strength [2]. The genes involved in these forms of activity-
dependent plasticity are largely unknown, but there are
numerous examples of neuronal genes that can be regulated
by impulse activity, including immediate-early genes [47]
and genes that encode proteases [48,49], neurotrophins and
neurotrophic factors [9], neurotransmitter receptors [50], cell
adhesion molecules [44,45,51°], cell surface molecules [52],
and novel membrane [40] and cytoskeletal [53] molecules.

As in muscle, the frequency or pattern of electrical impuls-
es in neurons can be an important factor in
activity-dependent gene regulation. High-frequency stim-
ulation induces transcription of c-fos, c-jun and junB in
hippocampal neurons, but stimulus patterns inducing
long-term potentiation (LTP) selectively trigger induction
of 24/268 [54]. Frequency-specific regulation of neuronal
genes has also been described for some structural genes.
Expression of the cell adhesion molecule 1.1 is downregu-
lated by 0.1 Hz stimulation in dorsal root ganglion (DRG)
neurons, but 1 Hz stimulation is without effect [44]. In
contrast, N-cadherin mRNA is downregulated by both
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0.1 Hz and 1 Hz stimulation in DRG neurons, whereas
NCAM-180 expression is not altered measurably [51°].

Together, these results suggest that the pattern of neural
impulse activity a neuron experiences can have significant
functional effects that are dependent on the activation of
the appropriate genes. Three examples illustrate this at
the behavioral, cellular, and synaptic levels of organization,
respectively. First, the conversion of short-term memory
into long-term memory, which requires CREB-dependent
gene expression [55], only takes place when training ses-
sions are repeated at appropriate intervals. The same
number of trials presented in one session are ineffective
both in altering gene expression and in allowing memory
[56]. A second example, myelination of axons, involves
changes in expression of a large number of genes control-
ling this highly regulated interaction between neurons and
glia [57]. Recent work shows that induction of myelination
by Schwann cells is influenced by the specific temporal
pattern of impulse activity in the axon, through changes in
axonal expression of the cell adhesion molecule L1 [58°].
A third example of how activity can contribute to the
synaptic level of organization comes from CA1 neurons of
the hippocampus: brief synaptic activation at high fre-
quency (100 Hz), or short high-frequency bursts repeated
at 5 Hz intervals, induce LT'P. In contrast, prolonged low-
frequency stimulation (15 min at 1 Hz) depress the
strength of the same synapses, a phenomenon referred to
as long-term depression (L'T'D) [59]. Maintenance of LTP
requires gene transcription [60] that is associated with
MAPK [61] and CREB [62] phosphorylation.

How is patterned activity sensed and
decoded?

How specificity between stimulus and response is main-
tained within a broadly interactive network of intracellular
signaling reactions and transcriptional regulatory processes
is a general problem in cell biology. In excitable cells, how-
ever, the problem is compounded because membrane
depolarization stimulates signaling pathways primarily
through changes in intracellular free calcium levels, rather
than through discrete receptors. How can different pat-
terns of calcium flux activate different signaling pathways
to the nucleus? The signaling mechanisms that confer
stimulus—response specificity in cells could be divided into
three general categories: discrete pathways, spatial hetero-
geneity, and temporal specificity.

Discrete pathways

Activation of specific receptors by appropriate ligands can
stimulate discrete signaling pathways to regulate expression
of target genes, but it is conceivable that the multiple points
of convergence and divergence among signaling pathways,
and the interactions among DNA-binding proteins, would
undermine this specificity. For example, the transcription fac-
tor CREB mediates responses to both cAMP [63] and calcium
[64] in some cells. Down-stream from calcium, signaling cas-
cades can propagate from multiple calcium-sensitive kinases,

including calmodulin (CaM) kinase 1I [12,65], CaM kinase IV
[66] and MAPK [67], all of which are capable of phosphory-
lating CREB. Within the nucleus, the transcriptional
apparatus also shows a high degree of interaction that would
appear to further entangle signaling pathways from distinct
stimuli to specific response genes. For example, the c-fos pro-
moter contains two different regulatory sequences, the serum
response element (SRE) and the ¢cAMP response element
(CRE), that were initially associated with trophic factor [68]
and cAMP/calcium [63,69] responses, respectively. However,
potential cross-talk between these two pathways and the
combinatorial interactions among the DNA-binding proteins
and transcriptional apparatus [70] complicate the separation
of signaling pathways from different stimuli.

Such interactions between signaling pathways activated by
either growth factors or membrane depolarization [71]
could degrade response specificity. However, such interac-
tions could also increase stimulus—response specificity by
integrating multimodal stimuli within cells. A recent
example is the regulation of the NR2C subtype of NMDA
receptors, which requires both the activation of ErbB tyro-
sine kinase receptors by neuregulin and the activation of
NMDA receptors by glutamate [72¢°]. Both of these stim-
uli can be provided by the mossy fiber inputs that
innervate granule cells during development and chat
upregulate NR2C expression (A Buonanno, unpublished
data). 'The requirement for conjoint activation of Trk tyro-
sine kinase and NMDA receptors has also been observed
in the regulation of dendritic growth [73], but the genes
mediating this response have not been identified. The fact
that transcriptional enhancers function in a combinatorial
fashion, and that the cooperative interaction of distinct
DNA regulatory elements are often required to achieve
transcriptional activation, is consistent with the idea that
the temporal summation of calcium or synergy by co-acti-
vation of distinct pathways during synaptic transmission
could be important for stimulus-dependent transcription.

Different frequencies or patterns of impulse activity can
be encoded in the concentration of calcium produced in
the cell [74,75%]. Higher levels of calcium could activate
different intracellular signaling pathways than lower levels,
and thereby activate different cellular substrates or genes
(see [76]). The balance between calcium-regulated kinase
and phosphatase activity also could be shifted by the level
of calcium [76-78]. Transgenic mice overexpressing a con-
stitutively active form of calcineurin, a calcium-dependent
phosphatase, in the hippocampus support the idea of a
temporal, activity-dependent balance between phosphory-
lation and dephosphorylation that regulates the transition
from early-phase LTP to late-phase L'TP [79**]. These cal-
cineurin-overexpressing mice manifest deficits in spatial
and visual recognition tasks requiring long-term memory
when the number of training trials is low but perform as
well as wild-type mice when the number of trials is
increased [80°], suggesting that the amount of activity is
important for the transition from early- to late-phase LTP.
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Figure 1

Spatial heterogeneity of signaling pathways
can provide gene expression specificity. The
model depicts how distinct pools of
cytoplasmic and nuclear calcium can in some
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T'he calcineurin-dependent pathway, acting through the
transcription factor NF-AT (nuclear factor of activated
T cells), has also been proposed to regulate the transcriprion
of contractile genes expressed specifically in slow-twitch
skeletal muscle in response to patterned activity [81°].
However, the NF-A'l"binding site located in the enhancer of
the slow troponin I gene — proposed in these studies to be
the site conferring transcription specifically in slow muscles
[81*] —has recently been shown not to be necessary for the
expression of the croponin I enhancer in the slow-twitch
muscles of transgenic mice [34*). Further experiments will
be needed to determine how the calcineurin/NF-AT path-
way may regulate the fiber-type-specific expression of
slow contractile genes, or their levels, in response to pat-
terned activity.

Spatial heterogeneity

Spatial heterogeneity can provide specificity between a
stimulus and response when either cell surface receptors,
signaling enzymes, or transcription factors are localized in
distinct subceellular compartments. Indeed, the subcellu-
lar localization of transcription factors, such as NF-xB and
NF-AT, is regulated by calcium [82,83]. Whether calcium
influx controls transcription of ¢-fos through SRE or CRE
can depend on whether calcium enters through NMDA

channels or L-type calcium channels, because the signal-
ing pathways associated with each mode of calcium entry
are distinct and are distributed in different parts of the
neuron [71]. Recently, two groups have reported on the
differential regulation of immediate early gene expres-
ston [84°*85**] and CREB phosphorylation [86,87°*]
with respect to the spatially distinct subcellular localiza-
tion of calcium in the cytoplasm versus nucleus
[84°*,85**], and the nucleus versus the submembranous
compartment [86,87*°]. Microinjection of an immobilized
calcium chelator into the nucleus of AtT20 pituitary cells
was used to demonstrate that distinct ¢is-acting elements
in the c-fos promoter are differentially responsive to
increases in cytoplasmic versus nuclear calcium after acti-
vation of L-type voltage-gated calcium channels
[84°°,85°*]. Whereas increases in cytoplasmic calcium sig-
nal via the ¢-fos SRE, nuclear calcium signals through the
CRE (see Figure 1). Interestingly, phosphorylation of
CREB at Ser133 is necessary but not sufficient to medi-
ate transcription via the CRE. Nuclear calcium and CaM
kinase IV are required for the recruitment and activation
of the CREB-binding protein (CBP), and the activation
of CRE-mediated transcription [85*°]. There is little evi-
dence, however, that the nucleus represents a diffusion
barrier to calcium or that differences in action potential
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firing patterns result in disproportionate increases in
cytoplasmic versus nuclear calcium in neurons [88,89°°].

By contrast, the extent of CREB phosphorylation at
Ser133 in dissociated hippocampal neurons differs with
stimulus frequency and does not require nuclear calcium
[86]. Deisseroth e 2/. [86] proposed the existence of a sub-
membranous calcium sensor after observing that the
amount of activity-dependent CREB phosphorylation
varies when neurons are preloaded with either EGTA or
BAPTA, which are predicted to differentially remove cal-
cium based on their different rates of chelation.
Calmodulin was proposed as a candidate for the calcium
sensor located near the site of calcium entry. Activation of
NMDA receptors and L-type voltage-sensitive channels
leads to the rapid translocation of calmodulin to the nucle-
us and CREB phosphorylation at Ser133 [87°*]. Together,
these results indicate that signaling from the plasma mem-
brane to the nucleus can be highly dependent on the
subcellular compartmentalization of calcium and proteins
in the signaling cascade. The recent demonstration of
direct interactions between channels and receptors with
other signaling molecules sequestered by PDZ-domain
proteins emphasizes the importance of specialized
microdomains that could sense localized changes of calci-
um and connect these to intracellular signal transduction
pathways [90]. Indeed, a close association between the
Drosophila photoreceptor TRP (transient receptor poten-
tial) calcium channel and a signaling complex that includes
calmodulin, rhodopsin and phospholipase C is mediated
via the PDZ-domain-containing protein INAD [91]. On
the basis of these findings and those of RW Tsien’s group
[86°,87°¢], it is interesting to consider the possibility that
PDZ-containing proteins at hippocampal synapses could
closely associate L-type voltage-gated channels to calmod-
ulin-or calmodulin-binding proteins to couple local
calcium transients to pathways that signal to the nucleus.

The spatial distribution of cytoplasmic calcium in den-
drites could be important for signal processing and gene
expression in response to sensory stimulation. Changes in
free calcium can be localized to subregions of the dendrit-
ic shaft [92] or confined to individual dendritic spines [93].
However, active sodium or calcium conductances can lead
to global increases in dendritic calcium [94]. The influence
of back-propagating action potentials on dendritic calcium
transients varies with dendritic branching, pattern of neu-
ronal activity, and physiological conditions [94].
Measurements using two-photon microscopy under nor-
mal physiological conditions have shown that the
amplitude of dendritic calcium transients is proportional to
the number of sodium action potentials induced by vibris-
sae stimulation, and that the concentration of calcium
declines steeply with increasing distance from the soma
[75°]. Thus, some patterns of synaptic activity or action
potentials can be converted into spatial differences in cal-
cium; presumably, this could activate different signaling
pathways in distinct subcellular compartments.

Temporal specificity

Another mechanism for signaling specificity would be pro-
vided if temporal patterns of calcium entry could be
‘decoded’ to selectively regulate gene expression.
Measurements of intracellular calcium dynamics in mouse
DRG neurons in response to action potentials have shown
that some growth cone responses are correlated with the
rate of calcium increase rather than the peak concentration
of calcium [95]. In addition, in DRG neurons, ¢-fos mRNA
levels are correlated with the interval of time between cal-
cium influx induced by bursts of action potentials, not by
the concentration of calcium [89°°,96]. The latter experi-
ments revealed three unexpected results: first,
transcription of the c-fos gene did not require a sustained
increase in cytoplasmic calcium; second, large increases in
intracellular calcium are less effective in stimulating c-fos
expression than small increases presented at shorter inter-
burst intervals; and finally, c-fos expression is increased by
stimuli that produced minimal, nearly undetectable
changes in cytoplasmic calcium, provided the stimulus was
repeated at appropriate temporal intervals. Similar results
have been obtained from studying regulation of potassium
channel maturation and neurite outgrowth in frog spinal
cord neurons. These functions correlate with the frequen-
cy of calcium spikes and waves (2-15/h), not with the
amplitude of the increase in cytoplasmic calcium [97].

Gene regulation in response to action potentials of very
low frequencies have also been documented, where only
minimal transient changes in cytoplasmic calcium would
be generated. One action potential every 10 s is sufficient
to stimulate c-fos expression in DRG neurons [96]. The
same low-frequency stimulation lowers expression of the
cell adhesion molecule L1, but higher-frequency stimula-
tion or chronic depolarization with potassium-chloride are
without effect [44]. These results illustrate the importance
of the temporal dynamics of calcium entry, rather than cal-
cium concentration, in regulating gene expression in
response to action potentials in neurons.

How can action potential patterns regulate
different genes?

One hypothesis for how action potential patterns regulate
different genes is that intracellular signaling reactions
will propagate temporally varying stimuli differently
depending upon the kinetic responses of the pathway
[98]. For example, the kinetics of MAPK and CaM kinase
activation and inactivation differ markedly {99], and
should therefore respond preferentially to stimuli with
temporal dynamics that favorably match the dynamics of
each pathway. Recently, we have shown that different
intracellular pathways regulating transcription of the c-fos
gene can be activated selectively by patterns of action
potentials that are favorably matched to the temporal
dynamics of the signaling pathway [89°*]. In these neu-
rons, phosphorylation of CREB is rapid and sustained for
several minutes, but phosphorylation of MAPK is more
transient. Pulsed stimuli that were repeated at intervals
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Figure 2

Several forms of temporal specificity provide
mechanisms that could be utilized to
selectively regulate gene expression in
response to patterned activity. (@) The length
of action potential bursts delivered at 5 Hz
frequency have differential effects on the
accumulation of calcium and on the balance
of phosphatases (calcineurin, PP1) and CaM
kinase (CaMK) activity in the cell [76,107].
This balance can differentially regulate CRE-
mediated gene expression by influencing the
phosphorylation dynamics of CREB. (b) The
frequency of calcium stimuli affects the rate of
calcium accumulation, which, in turn, affects
the balance of CaMKIl phosphorylation/
dephosphorylation and the autocatalytic
activity of the kinase. Higher-frequency
calcium oscillations result in higher CaMKil
autonomous activity [105**], which appears to
be required for LTP [104°*], presumably by
affecting activity-dependent gene expression.
(c) The frequency of calcium oscillations in
non-neuronal cells differentially regulates the
function of the transcription factors NF-xB,
NF-AT and Oct, which have preferences for
DNA-binding sites in the promoters of
interleukin-8 (IL-8) and interleukin-2 {IL-2),
thus selectively regulating the expression of
downstream genes [110°*,111°].
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that were too long (e.g. 3—5 min) failed to allow levels of
phosphorylated MAPK to accumulate, but did activate
CREB at maximal levels. Consistent with the combinato-
rial requirement for multiple DNA-binding proteins and

the basal transcriptional complex [70], maximal c-fos
expression was obtained in response to pulsed patterns of
action potentials that coordinately activated both the
MAPK and CREB signaling pathways.
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In response to action potential stimulation that produces
either a large or a prolonged increase in intracellular calcium,
the serine/threonine CaM kinase 11 [78] and the phosphatase
calcineurin undergo changes in reaction kinetics (see [76]).
This behavior may permit them to act as spike-frequency or
stimulus-duration ‘switches or detectors’ that could activate
specific signaling pathways regulating gene transcription in
response to appropriate temporal features of impuise activity
in neurons and muscles (see Figure 2). Autophosphorylation
of CaM kinase II changes the calcium sensitivity and reac-
tion kinetics (i.e. rate of calmodulin dissociation from CaM
kinase 11) to transmit signals from high-frequency stimuli
(i.e. those producing higher levels of intracellular calcium)
through the CaM kinase II pathway [78,100-103]. The
importance of CaM kinase II autophosphorylation activity
was recently shown /2 vive using mice harboring a mutation
in threonine-286 of CaM kinase II [104°], which blocks the
autocatalytic activity of the enzyme. Mutant mice show
impaired NMDA-dependent L'I'P and spatial learning
deficits on the Morris water maze [104°].

Experiments performed with purified CaM kinase II
immobilized to a rapid perfusion chamber have shown
that different frequencies of calcium oscillations result in
different levels of autonomous kinase activity [105**]. At
low frequencies, the autonomy of the enzyme due to
autophosphorylation is lower but increases sharply when
stimuli are delivered at higher frequencies (Figure 2).
Thhe levels of kinase activity are also regulated by the sub-
unit composition of the enzyme, which have different
affinities for calmodulin [105**]. Such frequency-depen-
dent regulation of CaM kinase Il autophosphorylation
needs to be demonstrated 77 z7vo using natural stimuli
because alternative models have been proposed [106].

The activity-dependent regulation of phosphatases can
also modify the kinetics of signaling in response to calci-
um. A mechanism for detecting the duration of action
potential bursts in dissociated hippocampal neurons has
been proposed [76,107]. Longer duration bursts (e.g. 180 s
versus 18 s at 5 Hz) resulted in inactivation of calcineurin
and prolonged the period that phospho-CREB remained at
elevated levels in the nucleus (Figure 2). This lead to ele-
vated levels of c¢-fos and somatostatin gene expression,
which are regulated via the CRE. Phosphatases (e.g. PP-1,
PP-2B/calcineurin) also appear to play an important role in
sustaining high levels of phospho-CREB in response to L-
type calcium channel activity and in inducing c-Fos in
developing striatal slice preparations [108].

Temporal segregation of intracellular signaling is not
unique to neurons or muscle. Modulating intracellular cal-
cium periodically by exposure to potassium-chloride or a
calcium ionophore 1s more effective than sustained calci-
um influx in regulating prolactin gene expression in
pituitary cells [109]. Two recent papers have addressed
how calcium oscillations optimize the efficiency and speci-
ficity of gene expression in non-neuronal cells

[110**,111**]; it is important to emphasize that the fre-
quencies of intracellular calcium oscillations in these
systems are considerably lower than the action potential
frequencies observed in mature neurons and muscles.
A calcium-clamp technique was used to regulate the fre-
quency and amplitude of intracellular calcium in
populations of T' lymphocytes, which were treated with
thapsigargin to deplete internal calcium stores, to analyze
how distinct oscillation patterns regulate the expression of
transcription factors that module interleukin-2 and inter-
leukin-8 transcription [110**]. NF-kB was activated by
low-frequency oscillations, whereas high frequencies were
necessary to recruit NF-AT, Oct and NF-xB (see Figure 2).
In turn, the promoters for the interleukin-8 and inter-
leukin-2 genes demonstrated distinct preferences for the
frequencies of intracellular calcium that correspond to
their preferential regulation by NF-xB (low frequency)
and NF-AT and Oct (higher frequency), respectively. The
regulation of NF-AT by oscillation frequency was also
observed by RY Tsien and colleagues [111°*], who used a
cell-permeant caged inositol 1,4,5-triphosphate (InsP3)
activated by ultraviolet light to induce oscillations in intra-
cellular caicium in a variety of cell lines by releasing
calcium from internal stores. NF-AT=driven gene expres-
sion was found to be more effective if the changes of InsP3
and cytoplasmic calcium changed in waves, instead of
being maintained at high steady-state levels. 'The time
intervals between the peaks of eytoplasmic calcium levels
were important for maximum NF-AT function. These
studies emphasize the importance of the temporal changes
of calcium, rather than changes in amount.

Conclusions

Regulation of gene expression by specific patterns of
impulse activity is essential for nervous system and
skeletal muscle function. As experiments on transcrip-
tional regulation in excitable cells moves from
identifying the components of the system to observing
how the components operate as a system in a dynamic
state, the field is entering into an exciting new phase.
Many properties that are essential for stimulus—tran-
scription coupling may not be apparent from analysis of
the system in a static state. Studies under dynamic con-
ditions will bring us closer to understanding how the
nervous system responds and adapts to changes in the
environment and in its operation over time. A future
challenge will be to identify the structural genes that are
regulated by patterned activity that modifies neuronal
plasticity, and to elucidate their mode of regulation. The
integration of regulatory factors activated by activity pat-
terns, and their interaction with transcription factors
confined to specific cell types by lineage or develop-
ment, provides further refinement for stimulus—
transcription coupling.

Acknowledgements

We are grateful to Haruhiko Bito and Serena Dudek for their helpful
comments, and to the National Institute of Child Health and Human
Development Intramural Program for their continued support.



Gene regulation by patterned electrical activity during neural and skeletal muscle development Buonanno and Fields 117

References and recommended reading
Papers of particular interest, published within the annual period of review,
have been highlighted as:

* of special interest
** of outstanding interest

1.  Constantine-Paton M, Cline HT, Debski EA: Patterned activity,
synaptic convergence and the NMDA receptor in developing
visual pathways. Annu Rev Neurosci 1990, 13:129-154.

2. Bear MF, Malenka RC: Synaptic activity: LTP and LTD. Curr Opin
Neurobiol 1994, 4:389-399.

3. Shatz CJ: Impulse activity and the patterning of connections
during CNS development. Neuron 1990, 5:745-756.

4, Pette D, Vrbova G: Adaptation of mammalian skeletal muscle
fibers to chronic electrical stimulation. Rev Physiol Biochem
Pharmacol/ 1992, 120:116-202.

5.  Gundersen K: Determination of muscle contractile properties: the
importance of the nerve. Acta Physio/ Scand 1998, 162:333-341.

6. Hall ZW, Sanes JR: Synaptic structure and development: the
neuromuscular junction. Ce/l 1993, 72:99-121.

7. Buonanno A, Calvo S, Cheng J, Venepally P: Activity-dependent
regulation of muscle genes: repressive and stimulatory effects of
innervation. Acta Physiol Scand 1998, 163:517-S26.

8. Pette D, Staron RS: Mammalian skeletal muscle fiber transitions.
Int Rev Cytol 1997, 170:143-223.

9. Bonhoeffer T: Neurotrophins and activity-dependent development
of the neocortex. Curr Opin Neurobiol 1996, 6:119-126.

10. Buonanno A, Rosenthal N: Transcriptional control of muscle
plasticity. Dev Genet 1996, 19:95-107.

11. Fields RD, ltoh K: Neural cell adhesion molecules in activity-
dependent development and synaptic plasticity. Trends Neurosci
1996, 19:449-526.

12. Morgan JI, Curran T: Stimulus-transcription coupling in the
nervous system: involvement of the inducible proto-oncogenes
fos and jun. Annu Rev Neurosci 1991, 14:421-451.

13. Schiaffino S, Reggiani C: Molecular diversity of myofibrillar
proteins: gene regulation and functional significance. Physio/ Rev
1996, 76:371-423.

14. Buller Al, Eccles JC, Eccies RM: Interactions between
motoneurones and muscles in respect of the characteristic
speeds of their responses. J Physio/ 1960, 150:417-439.

15. Vibova G: The effect of motoneurone activity on the speed of
contraction of striated muscle. / Physiol (Lond) 1963,
169:513-526.

16. Lemo T, Westgaard RH: Contractile properties of muscle: control
by pattern of muscle activity in the rat. Proc R Soc Lond [Biol]
1974, 187:99-103.

17. Eken T, Gundersen K: Chronic electrical stimulation resembling
normal motor-unit activity: effects on denervated fast and slow rat
muscles. J Physiol (Lond) 1988, 402:651-669.

18. Sreter FA, Gergely J, Salmons S: Synthesis by fast muscle of
myosin light chains characteristic of slow muscle in response to
long-term stimulation. Nature New Bjo/ 1973, 241:17-19.

19. Pette D, Smith ME, Staudte HW, Vrbova G: Effects of long-term
electrical stimulation on some contractile and metabolic
characteristics of fast rabbit muscles. Pflug Arch 1973, 339:257-272.

20. Brown WE, Salmons S, Whalen RG: The sequential replacement of
myosin subunit isoforms during muscle type transformation
induced by long term electrical stimulation. / Bio/ Chem 1983,
258:14686-14692.

21. Windisch A, Gundersen K, Szabolcs MJ, Gruber H, Lemo T: Fast to
. slow transformation of denervated and electrically stimulated rat
muscle. J Physiol (Lond) 1998, 510:623-632.

This paper shows that the transitions from slow to fast myosin heavy chain
isoforms occur in pre-existing fast myofibers when denervated muscle is
electrically stimulated with slow-patterned activity. These results, as well as
previous studies analyzing the effects of fast activity on denervated slow
muscles [16,17], strongly suggest that most, if not all, of the changes
induced in skeletal muscle contractile properties by cross-innervation {14]
result from motoneuron activity, not by trophic factors released by the nerve.

22. Leberer E, Hartner KT, Brandi CJ, Fujii K, Tada M, MacLennan DH,
Pette D: Slow/cardiac sarcoplasmic reticulum Ca-ATPase and
phospholamban mRNAs are expressed in chronically stimulated
rabbit fast-twitch muscle. Eur J Biochem 1989, 185:51-54.

23. Ohlendieck K, Briggs FN, Lee KF, Wechsler AW, Campbell KP:
Analysis of excitation-contraction-coupling components in
chronically stimulated canine skeletal muscle. Eur J Biochem
1991, 202:739-747.

24. Hu P, Yin C, Zhang KM, Wright LD, Nixon TE, Wechsler AS, Spratt JA,
Briggs FN: Transcriptional regulation of phospholamban gene and
translational regulation of SERCA2 gene produces coordinate
expression of these two sarcoplasmic reticulum proteins during
skeletal muscle phenotype switching. J Bio/ Chem 1995,
270:11619-11622,

25. Kilug G, Reichmann H, Pette D: Rapid reduction of parvalbumin
concentration during chronic stimulation of rabbit fast twitch
muscle. FEBS Lett 1983, 152:180-182.

26. Condon K, Silberstein L, Blau HM, Thompson WI: Differentiation of
fiber types in aneural musculature of the prenatal rat hindlimb.
Dev Biol 1990, 138:275-295.

27. Buller AJ, Pope R: Plasticity in mammalian skeletal muscle. Philos
Trans R Soc Lond [Biol] 1877, 278:295-305.

28. Stockdale FE: Myogenic cell lineages. Dev Bio/ 1992, 154:284-298.

29. Rafuse VF, Milner LD, Landmesser LT: Selective innervation of fast
and slow muscle regions during early chick neuromuscular
development. J Neurosci 1996, 16:6864-6877.

30. Blagden CS, Currie PD, Ingham PW, Hughes SM: Notochord
induction of zebrafish slow muscle mediated by Sonic hedgehog.
Genes Dev 1997, 11:2163-2175.

31. DiMario JX, Stockdale FE: Both myoblast lineage and innervation

. determine fiber type and are required for expression of the stow
myosin heavy chain 2 gene. Dev Bio/ 1997, 188:167-180.

This paper shows that both myoblast lineage and neural activity are impor-

tant for the formation of slow muscle types, and that neither mechanism by

itself is sufficient to explain fiber divergence during development.

32. Calvo S, Stauffer J, Nakayama M, Buonanno A: Transcriptional
control of muscle plasticity: differential regulation of troponin |
genes by electrical activity. Dev Genet 1996, 19:169-181.

33. Nakayama M, Stauffer J, Basu S, Wawrousek E, Buonanno A: Common
core elements are found in skeletal muscle slow and fast fiber-type
specific enhancers. Mo/ Cell Biol 1996, 16:2408-2417.

34. Calvo S, Venapally P, Cheng J, Buonanno A: The fiber-type-specific
. transcription of the Tnl slow gene is regulated by multiple
elements. Mo/ Cell Bio/ 1999, 19:515-525.

These three papers used transgenic mice [34°] or DNA injection into regen-
erating fibers [35°,36°] to identify sequences directing slow fiber-type speci-
ficity. This paper [34°] shows that, in order for the troponin | slow enhancer to
function in muscles of transgenic mice, the combinatorial interactions of dis-
tinct factors binding to four conserved DNA motifs in the enhancer are
required. In addition, a putative binding site for NF-AT, a transcription factor in
lymphocytes that regulates genes in response to the activation of the calci-
um-dependent phosphatase calcineurin, was found to be dispensable for
slow-muscle-specific expression. This result is not consistent with the idea
that the putative NF-AT-binding site found in the troponin | slow enhancer reg-
ulates fiber-type specificity {81°]; however, other experiments will be needed
to determine whether the calcineurin pathway regulates the expression of the
gene in response to slow-patterned electrical activity elicited by motoneurons.

35. Lupa-Kimball VA, Esser KA: The use of DNA injection for the

. identification of slow muscle specific and nerve dependent
regions of the myosin light chain 2 slow gene. Am J Physiol 1988,
274:229-235,

See annotation [34°].

36. Jerkovic R, Vitadello M, Kelly R, Buckingham M, Schiaffino S: Fibre

. type-specific and nerve-dependent regulation of myosin light
chain 1 slow promoter in regenerating muscle. / Muscle Res Cell
Motility 1997, 18:369-373,

See annotation [34°].

37. Brosenitsch TA, Salgado-Commissariat D, Kunze DL, Katz DM: A role
for L-type calcium channels in developmental regulation of
transmitter phenotype in primary sensory neurons. J Neurosci
1998, 18:1047-1055.

38. Walicke PA, Campenot RB, Patterson PH: Determination of
transmitter function by neuronal activity. Proc Nat/ Acad Sci USA
1977, 74:5767-5771.



118 Development

39. Ip NY, Zigmond RE: Pattern of presynaptic nerve activity can
determine the type of neurotransmitter regulating a postsynaptic
event. Nature 1984, 311:472-474.

40. Nedivi E, Wu GY, Cline HT: Promotion of dendritic growth by
CPG15, an activity-induced signaling molecule. Science 1998,
281:1863-1866.

41. Fredette B, Rutishauser U, Landmesser L: Regulation and activity-
dependence of N-cadherin, NCAM isoforms, and polysialic acid
on chick myotubes during development J Cell Biol/ 1993,
123:1867-1888.

42. Fields RD, Neale EA, Nelson EA: Effects of patterned electrical
activity on neurite outgrowth from mouse sensory neurons.
J Neurosci 1990, 10:134-146.

43. Goodman CS: Mechanisms and molecuies that control growth
cone guidance. Annu Rev Neurosci 1996, 19:341-377.

44. ltoh KB, Stevevens M, Schachner RD, Fields RD: Regulation of the
neural cell adhesion molecule L1 by specific patterns of neural
impulses. Science 1995, 270:1369-1372.

45. Mayford M, Barzilai A, Keller F, Schacher S, Kandel ER: Modulation of
NCAM-related adhesion molecule with long-term synaptic
plasticity in Aplysia. Science 1992, 256:638-644.

46. Katz LC, Shatz CJ: Synaptic activity and the construction of cortical
circuits. Science 1996, 274:1133-1138.

47. Hughes P, Dragunow M: Induction of immediate-early genes and
the control of neurotransmitter-regulated gene expression within
the nervous system. Pharmacol Rev 1995, 47:133-178.

48. Muller CM, Griesinger CB: Tissue plasminogen activator mediates
reverse occlusion plasticity in visual cortex. Nat Neurosci 1998,
1:47-53.

49. Qian A, Gilbert ME, Colicos MA, Kandel ER, Kuh! D: Tissue
plasminogen activator is induced as an immediate-early gene
during seizure, kindling and long-term potentiation. Nature 1993,
361:453-457.

50. Vallano ML, Lambolez B, Audinat E, Rossier J : Neuronal activity
differentially regulates NMDA receptor subunit expression in
cerebeliar granule cells. J Neurosci 1996, 16:631-639.

51. ltoh K, Ozaki M, Stevens B, Fields RD: Activity-dependent

. regulation of N-cadherin in DRG neurons: differential regulation of
N-cadherin, NCAM, and L1 by distinct patterns of action
potentials. J Neurobiol 1997, 33:735-748.

This study and [44] report that different cell adhesion molecules can be reg-

ulated by specific frequencies of action potentials in mouse dorsal root gan-

glion neurons, and that this causes structural changes after electrical

stimulation at appropriate frequencies.

52. Kalb R, Hockfield S: Induction of a neuronal proteoglycan by the
NMDA receptor in the developing spinal cord. Science 1990,
250:294-296.

53. Lyford GL, Yamagata K, Kaufmann WE, Barnes CA, Sanders LK,
Copeland NG, Gilbert DJ, Jenkins NA, Lanahan AA, Worley PF:
Arc, a growth factor and activity-regulated gene, encodes a novel
cytoskeleton-associated protein that is enriched in neuronal
dendrites. Neuron 1995, 14:433-445,

54. Worley PF, Bhat RV, Baraban JM, Erickson CA, McNaughton BL,
Barnes CA: Thresholds for synaptic activation of transcription
factors in hippocampus: correlation with long-term enhancement.
J Neurosci 1993, 13:4776-4786.

55. Bourtchuladze R, Frenguelli B, Cioffi D, Blendy J, Schutz G, Silva A:
Deficient long-term memory in mice with a target mutation of the
cAMP responsive element binding protein. Ce// 1994, 79:59-68,

56. Yin JCP, Del Vecchio M, Zhou H, Tully T: CREB as a memory
modulator: induced expression of a dCREB2 activator isoform
enhances long-term memory in Drosophila. Cell 1995,
81:107-115.

57 Martini R: Expression and functional roles of neural cell surface
molecules and extracellular matrix components during
development and regeneration. / Neurocytol 1994, 23:1-28,

68. Stevens B, Tanner S, Fields RD: Control of myelination by specific

. patterns of neural impulses. J Neurosci 1998, 18:9303-9311.

This paper shows the influence of axonal firing in regulating an important
developmental process through changes in gene expression. In neurons fir-
ing at appropriate frequencies, myelination is inhibited by downregulation of
L1 on axons.

59. Dudek SM, Bear MF: Homosynaptic long-term depression in
area CA1 of hippocampus and effects of N-methyl-D-aspartate
receptor blockade. Proc Nat! Acad Sci USA 1992,
89:4363-4367.

60. Frey U, Morris RGM: Synaptic tagging and long-term potentiation.
Nature 1997, 385:533-536.

61. English JD, Sweatt D: A requirement for the mitogen-activated
protein kinase cascade in hippocampal long-term potentiation.
J Biol Chem 1997, 272:19103-19106.

62. Matthies H, Schuz S, Thiemann W, Siemer H, Schmidt H, Krug M,
Hollt V: Design of a multiple slice interface chamber and
application for resolving the temporal pattern of CREB
phosphorylation in hippocampal long-term potentiation.

J Neurosci Methods 1997, 78:173-179.

63. Sassone-Corsi P, Visvader J, Ferland L, Mellon PL, Verma IM:
Induction of proto-oncogene fos transcription through the
adenylate cyclase pathway: characterization of a cAMP response
element. Genes Dev 1988, 2:1529-1538.

64. Ghosh A, Greenberg ME: Calcium signaling in neurons: molecular
mechanisms and cellular consequences. Science 1995,
268:239-247.

65. Sheng M, Thompson MA, Greenberg ME: CREB: a Cat+-regulated
transcription factor phosphorylated by calmodulin-dependent
kinases. Science 1991, 252:1427-1430.

66. Enslen H, Tokumitsu H, Soderling TR: Phosphorylation of CREB by
CaM kinase IV activated by CaM kinase IV kinase. Biochem
Biophys Res Commun 1995, 207:1038-1043.

67. Xing J, Ginty D, Greenberg ME: Coupling of the RAS-MAPK
pathway to gene activation by RSK2, a growth factor-reguiated
CREB kinase. Science 1996, 273:959-963.

68. Price MA, Hill C, Treisman R: Integration of growth factor signals at
the c-fos serum response element. Philos Trans R Soc Lond [Biol]
1996, 351:551-559.

69. Enslen H, Soderling TR: Roles of calmodulin-dependent protein
kinases and phosphatase in calcium-dependent transcription of
immediate early genes. J Bio/ Chem 1994, 269:20872-20877.

70. Robertson LM, Kerppola TK, Vendrell M, Luk D, Smeyne RJ,
Bocchiaro C, Morgan JI, Curran T: Regulation of c-fos expression in
transgenic mice requires multiple interdependent transcription
control elements. Newron 1995, 14:241-252,

71. Finkbeiner S, Tavazoie SF, Maloratsky A, Jacobs KM, Harris KM,
Greenberg ME: CREB: a major mediator of neuronal neurotrophin
responses. Neuron 1997, 19:1031-1047.

72. Ozaki, M, Sasner M, Yano R, Lu HS, Buonanno A: Neuregulin
ee stimulates NMDA receptor gene expression in cerebellar neurons.
Nature 1997, 390:691-694,

Organotypic cultures were used to study how the expression of the
NMDA receptor NR2C subunit gene is induced selectively during cere-
bellar granule cell maturation. Both activity via NMDA receptors and the
activation of ErbB tyrosine kinase receptors by neuregulin, a factor that
accumulates at the glutamatergic mossy fiber terminals that innervate
granule cells, were shown to be necessary to specifically induce NR2C
gene expression. These results exemplify how requiring both calcium
entry via NMDA receptors and activation of tyrosine kinase receptors can
increase signaling specificity.

73. McAllister AK, Katz LC, Lo DC: Neurotrophin regulation of cortical
dendritic growth requires activity. Neuron 1996, 17:1057-1064.

74. Kater SB, Mills LR: Regulation of growth cone behavior by calcium.
J Neurosci 1991, 11:891-899.

75. Svoboda K, Denk W, Kleinfeld D, Tank DW: In vivo dendritic calcium
. dynamics in neocortical pyramidal neurons. Nature 1997,
385:161-165.

Optical measurements of calcium dynamics, using two-photon
microscopy, in combination with intracellular recording were used to mea-
sure dendritic calcium dynamics in vivo in response to sensory stimulation
of whiskers. Calcium increases were found to depend on somatically trig-
gered sodium action potentials, and the responses showed spatial and
temporal heterogeneity.

76. Bito H: The role of calcium in activity-dependent neuronal gene
regulation. Cell Calcium 1998, 23:143-150.

77. Mulkey RM, Herron CE, Malenka RC: An essential role for protein
phosphatases in hippocampal long-term depression. Science
1993, 261:1051-1055.



Gene regulation by patterned electrical activity during neural and skeletal muscle development Buonanno and Fields 119

78. Hanson Pl, Meyer T, Stryer L, Schulman H: Dual role for caimodulin
in autophosphorylation of multifunctional CaM kinase may
underlie decoding of calcium signals. Neuron 1994, 12:943-956.

79. Winder DG, Mansuy IM, Osman M, Moalhem TM, Kandel ER: Genetic
e+ and pharmacological evidence for a novel, intermediate phase of
long-term potentiation suppressed by calcineurin. Ce/l 1998,
92:25-37.
The role of phosphatases in synaptic plasticity was tested in acute hip-
pocampal slices from transgenic mice overexpressing a truncated, constitu-
tively active form of calcineurin. The experiments uncovered a novel
intermediate phase of LTP in the CA1 region of the hippocampus, distinct
from the early and late phases of LTP, in that it is dependent on the amount
of stimulus and on protein kinase A (PKA) activity, but does not require pro-
tein synthesis. Calcineurin activity, which is dependent on synaptic stimuli, is
proposed to inhibit this intermediate form of LTP, which acts to gate the path-
way to long-lasting potentiation. Mice overexpressing calcineurin have dimin-
ished LTP induced by multiple high frequency trains. Multiple trains of
depolarization (100 Hz) or PKA activity override the constraint by calcineurin
and result in the late component of LTP. Additional transgenic lines overex-
pressing calcineurin under the regulatable tetracycline system demonstrate
that the effects of increased phosphatase activity on LTP are reversible.

80. Mansuy IM, Mayford M, Jacob B, Kande! ER, Bach ME: Restricted

o and regulated overexpression reveals calcineurin as a key
component in the transition from short-term to long-term
memory. Cell 1998, 92:39-49.

This paper uses the calcineurin-overexpressing mice [79*] to study the

behavioral effects. The calcineurin transgenic mice manifest deficits in the

spatial version of the Barnes maze when tested at low trial numbers

(1 trial/day) but are not significantly different from wild-type littermates when

receiving 4 trials/day; transgenic mice do not show deficits in the cued ver-

sion of the maze. These learning deficits, at low trial numbers, correlate with

the defect in the intermediate phase of LTP.

81. Chin ER, Oison EN, Richardson JA, Yang Q, Humphries C,

e Shelton JM, Wu H, Zhu W, Bassel-Duby R, Williams RS: A
calcineurin-dependent transcriptional pathway controls skeletal
muscle fiber type. Genes Dev 1998, 12:2499-2509.

One mode of calcineurin signaling is through the transcription factor NF-AT,
which translocates to the nucleus after dephosphorylation. In this paper, the sys-
temic injection of cyclosporin, a calcineurin antagonist, is shown to increase the
proportion of fast-twitch fibers in the slow soleus muscle (14% to 31%).
Reporter constructs driven by the slow-specific myoglobin and troponin i pro-
moters are shown to be preferentially transactivated in cells transfected with a
constitutively active NF-AT construct. A model for fiber-specific transcription,
based on the effects of oscillatory calcium levels on NF-AT regulation in lym-
phocytes, is proposed. According to the model, low-frequency tonic motor
nerve activity would sustain calcium levels sufficiently to activate the cal-
cineurin—NFAT pathway, but high-frequency phasic bursts (characteristic of fast
motoneurons) would be insufficient to maintain calcineurin in the active state.

82. Baeuerle PA, Baltimore D: NF-kappa B: ten years after. Ce// 19986,
87:13-20.

83. Timmerman LA, Clipstone NA, Ho SN, Northrop JP, Crabtree GR:
Rapid shuttling of NF-AT in discrimination of Ca2t signals and
immunosuppression. Nature 1996, 383:837-840.

B84. Hardingham GE, Chawla S, Johnson CM, Bading H: Distinct
ee functions of nuclear and cytoplasmic calcium in the control of
gene expression. Nature 1997, 385:260-265.
Dextran-coupled BAPTA, a non-diffusible calcium chelator, was microinjected
into the nucleus of AtT20 pituitary cells to demonstrate that distinct cis-act-
ing elements in the c-fos promoter are differentially responsive to increases in
cytoplasmic and nuclear calcium after activation of L-type voltage-gated chan-
nels. Whereas increases in cytoplasmic calcium signal via the c-fos SRE,
nuclear calcium mediates its activity through the CRE. Phosphorylation of
CREB at serine 133 is shown not to be sufficient to activate CRE-mediated
transcription, and nuclear calcium is found to be necessary.

85. Chawla S, Hardingham GE, Quinn DR, Bading H: CBP: a signal
es regulated transcriptional coactivator controlled by nuclear calcium
and CaMK V. Science 1998, 281:1505-1509.

In a continuation of their previous work [84¢], the authors investigated why
nuclear calcium is required for CRE-dependent transcription. Using a series
of CREB expression constructs that tether the factor to the nucleus and dis-
sociate its binding from its transcription activation domain, the authors found
that cAMP, nuclear CaM kinase IV and nuclear calcium are required for the
recruitment and activation of CBP, and for the transcriptional activation
through the c-fos CRE. Thus, phosphorylation of CREB at Ser133 functions
as a poor activator of CRE-mediated transcription and requires increases of
nuclear calcium-sensitive pathways, in addition to the co-activator CBP, for
efficient activation of gene expression.

86. Deisseroth K, Bito H, Tsien RW: Signaling from the synapse to the
nucleus: postsynaptic CREB phosphorylation during muttiple
forms of hippocampal synaptic plasticity. Neuron 1996, 16:89-101.

87. Deisseroth K, Heist EK, Tsien RW: Translocation of calmodulin to
es the nucleus supports CREB phosphorylation in hippocampal
neurons. Nature 1998, 392:198-202.

In a continuation of their previous work [86], the authors found an activity-
dependent translocation of calmodulin to the nucleus, requiring activation of
NMDA receptors and L-type calcium channels, after a brief stimulation of
hippocampal neurons. The effects are specific because blocking N- and P/Q
channels did not block transiocation. A temporal relationship between
CREB phosphorylation and calmodulin translocation was also observed.

88. O'Malley DM: Calcium permeability of the nuclear envelope:
evaluation using confocal volumes and intracellular perfusion.
J Neurosci 1994, 14:5741-5758.

89. Fields RD, Eshete F, Stevens B, ltoh K: Action potential-dependent
s regulation of gene expression: temporal specificity in Ca++,
CREB, and MAPK kinase signaling. J Neurosci 1997,
17:7252-7266.
Action potential firing patterns were induced by electrical stimulation, and
the calcium dynamics and signaling pathways regulating transcription of
c-fos mRNA were measured. Intracellular signals from bursts of action
potentials propagate differentially through the MAPK and CREB signaling
pathways, depending on the temporal pattern of stimulation (i.e. interval
between the bursts) rather on than the amplitude of the calcium increase.

90. Kornau HC, Seeburg PH, Kennedy MB: Interaction of ion channels
and receptors with PDZ domain proteins. Curr Opin Neurobiol
1997, 7:368-373.

91. Chevesich J, Kreuz Al, Montell C: Requirement for the PDZ domain
protein, INAD, for localization of the TRP store-operated channel
to a signaling complex. Neuron 1997, 18:95-105.

92. Guthrie PB, Segal M, Kater SB: Independent regulation of calcium
revealed by imaging dendritic spines. Nature 1991, 354:76-80.

93. Yuste R, Denk W: Dendritic spines as basic functional units of
neuronal integration. Nature 1995, 375:682-684.

94. Spruston N, Schiller Y, Stuart G, Sakmann B: Activity-dependent
action potential invasion and calcium influx into hippocampal CA1
dendrites. Science 1995, 268:297-300.

95. Fields RD, Guthrie PG, Russell JT, Kater SB, Malhotra BS,
Nelson PG: Accommodation of mouse DRG growth cones to
electrically induced collapse: kinetic analysis of calcium
transients and set-point theory. / Neurobio/ 1993, 24:1080-1098.

96. Sheng HZ, Fields RD, Nelson PG: Specific regulation of immediate
early genes by patterned neuronal activity. / Neurosci Res 1993,
35:459-467.

97 Gu X, Spitzer NC: Distinct aspects of neuronal differentiation
encoded by frequency of spontaneous Ca?+ transients. Nature
1995, 375:784-787.

98. Fields RD, Nelson PG: Resonant activation of calcium signal
transduction in neurons. J Neurobio/ 1994, 25:281-293,

99. Murphy TH, Blatter LA, Bhat RV, Fiore RS, Wier WG, Baraban JM:
Differential regulation of calcium/caimodulin-dependent protein
kinase |l and p42 MAP kinase activity by synaptic transmission.
J Neurosci 1994, 14:1320-1331.

100. Barria A, Muller D, Derkoch V, Griffith LC, Soderling TR: Regulatory
phosphorylation of AMPA-type glutamate receptors by CaM Kil
during long-term potentiation. Science 1997, 276:2042-2045,

101. Lisman J: The CaM kinase |1 hypothesis for the storage of synaptic
memory. Trends Neurosci 1994, 17:406-412.

102. Otmakhov N, Griffith LC, Lisman JE: Postsynaptic inhibitors of
calcium/calmodulin-dependent protein kinase type Il block
induction but not maintenance of pairing-induced long-term
potentiation. J Neurosci 1997, 17:5357-5365.

103. Kennedy MB: The biochemistry of synaptic regulation in the
central nervous system. Annu Rev Biochem 1994, 63:571-600.

104, Giese PK, Fedorov NB, Filipkowski RK, Silva AJ:

»  Autophosphorylation at Thr 286 of the a calcium-calmodulin
kinase Il in LTP and learning. Science 1998, 279:870-873.

Gene targeting was used to mutate a site that blocks CaM kinase I

autophasphorylation. This study provides the first evidence for the impor-

tance of this activity for inducing NMDA-dependent LTP in the CA1 region

of the hippocampus and for spatial learning.

105. Koninck PD, Schulman H: Sensitivity of CaM kinase Il to the
»¢ frequency of Ca2+ oscillations. Science 1998, 279:227-230.
A rapid superfusion chamber with CaM kinase !l immobilized to a solid
polyvinylchloride support was used to demonstrate that the level of kinase



120 Development

activity is differentially regulated by the amplitude and duration of calcium
oscillations. At low frequencies (1 Hz), the autonomy of the enzyme resulting
from autophosphorylation is lower but increases sharply when stimuli are
delivered at higher frequencies (2.5 or 4 Hz). Interestingly, the frequency
response of CaM kinase Il to calcium and calmodulin is increased when the
enzyme is previously exposed to subthreshold levels of activation, indicating
that the autonomy of CaM kinase Il autophosphorylation retains a ‘memory’
of previous stimuli.

106. Dosemeci A, Albers RW: A mechanism for synaptic frequency
detection through autophosphorylation of CaM kinase II.
Biophys J 19986, 70:2493-2501.

107. Bito H, Deisseroth K, Tsien RW: CREB phosphorylation and
dephosphorylation: a Ca2+- and stimulus duration-dependent
switch for hippocampal gene expression. Ce/l 1996,
87:1203-1214.

108. Liu FC, Graybiel AM: Spatiotemporal dynamics of CREB
phosphorylation: transient versus sustained phosphorylation in
the developing striatum. Neuron 1996, 17:1133-1144,

109. Haisenleder DJ, Yasin M, Marshall JC: Regulation of gonadotropin,
thyrotropin subunit, and prolactin messenger ribonucleic acid
expression by pulsatile or continuous protein kinase-C
stimulation. Endochronology 1995, 136:13-19.

110. Dolmetsch RE, Xu K, Lewis R: Calcium osciilations increase the
e+ efficiency and specificity of gene expression. Nature 1998,
392:933-936.
A calcium-clamp technique was used to regulate the frequency and ampli-
tude of intracellular caicium ([Ca2*]i) oscillations in populations of T lym-
phocytes, and to analyze how distinct oscillation patterns regulate the
expression of the interleukin-2 and interleukin-8 genes via the transcription
factors NF-AT, Oct/OAP and NF-kB. Low-frequency oscillations were found
to activate NF-xB, whereas higher frequencies were necessary to recruit
NF-AT, Oct and NF-kB. In turn, the promoters for the interleukin-8 and inter-
leukin-2 genes, which require distinct factor combinations for transcription,
demonstrated distinct preferences for the frequencies of [Ca2+]; that corre-
spond to their preferential regulation by NF-kB (low frequency) and NF-AT
and Oct (higher frequency), respectively.

111, Li WH, Llopis J, Whitney M, Zlokarnik G, Tsien RY: Cell-permeant
ee caged InsP3 ester shows that Ca2+ spike frequency can optimize
gene expression. Nature 1998, 392:936-941.

The frequency-dependent regulation of NF-AT was studied in a variety of cell
lines using a cell-permeant caged inositol 1,4,5-triphosphate (InsP3) activated
by ultraviolet light, that induced [Ca2+]; osciliations by release of calcium from
internal stores. NF-AT-driven gene expression was found to be more effective if
the changes of InsP3 and cytoplasmic free calcium concentration changed in
waves, instead of being maintained at high steady-state levels. The time inter-
vals between the peaks of [Ca2+]; were important for maximum NF-AT function.



